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Field of the invention 

The present invention relates to an improve- 
ment on a procedure for growing a single crystal in 
accordance with the Czochralski method (hereafter 
abbreviated as the CZ method). 

Prior art 

As a process for manufacturing such crystals 
as silicon single crystals, a method known as the 
CZ method for growing single crystal is generally 
being used. In this method, the crystalline raw 
material that has been placed into the crucible is 
melted and, following contact of the seed crystal 
with the molten liquid, while the seed crystal and 
the crucible rotate in opposite direction to each 
other, resulting the seed crystal- growing. 

In an existing similar single crystal growth 
method, when the crystal is pulled up, the molten 
liquid level decreases and the surface of the melt, 
i.e. the condition of the single crystal growth sur- 
face, is altered thus after a while the single crystal 
comes to a point where it cannot be pulled up. 
Additionally, when the molten liquid level shifts, the 
quantity of oxygen dissolved from the molten liquid 
also changes, thus the axial oxygen concentration 
of the single crystal obtained is altered as well. 
Recently, an IG (Intrinsic Gettering) process which 
makes use of the oxygen precipitates has come 
into effect requiring a strict control over the oxygen 
concentration. 

In dealing with this problem, the prior art car- 
ried out control of the molten liquid level using only 
a rate controller. The present process attempts to 
maintain the position of the molten liquid level in 
countering the crystal pulling up speed by fixing 
the lifting of the crucible at a constant speed such 
that volume of the displaced liquid portion is prop- 
erly offset. 

But in the prior art when drawing up single 
crystals using an automatic diameter controller, in 
the initial stages, during what is known as 
"shoulder forming" before the body section of the 
crystal becomes fixed in diameter, the ratio of the 
rate controller is too small and the uniformity of the 
liquid level cannot be maintained. Thus, as a result, 
the precise liquid level corresponding to the con- 
stant section of the crystal could not be estab- 
lished. Furthermore, the thermal deformation that 
occurs at the single crystal pulling temperature in 
addition to change in the interior volume of the 
crucible both produced variation of the melt level. 
Consequently, through just the use of the afore- 
mentioned rate controller, precise control of the 
melt level was not possible in this prior method. 
Additionally, the oxygen concentration of the single 
crystal depends on both the temperature of the 
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melt surface and the cooling rate of the crystal. 
Control of both, the amount of flow of the argon 
gas covering the liquid surface and the quantity of 
silicide evaporation were essential as was the pre- 

5 cise control of the melt level position during the 
entire pulling period, from beginning to end. 

However, in the CZ method, during the "seed" 
process in which the seed crystal is dipped into the 
melt and tapered upon pull up, if the temperature 

io of the melt following melting of the raw material is 
even slightly off, dislocation-free crystal pulling is 
not possible. As a result, in this CZ method, after 
perfectly melting the raw material and overshooting 
1500*C, it was essential to calm down the melt 

is and stabilize the molten liquid convoction inside 
the crucible. Additionally, it was essential that the 
oxygen concentration be fixed at a constant level at 
the melt surface in the initial pull up stage. How- 
ever, the interior of the heat furnace is kept at an 

20 extremely high temperature and a thermometer 
cannot be set up, thus, in the prior art, detection of 
the melt temperature depends on the operator's 
perception. In actuality, the dipping and tapering 
draw up of the seed crystal was carried out using 

25 this detection method. But in the aforementioned 
process in which detection depends on the oper- 
ator's perception, it is very difficult to measure 
precisely the temperature of the liquid. As well, an 
enormous amount of time is taken leading up to 

30 the aforementioned "seed" process, in addition to 
the fact that automation of the process is very 
difficult once the oxygen concentration of the initial 
stage is fixed at a constant value. 

On the other hand, a method for indirectly 

35 estimating the molten liquid temperature by mea- 
suring the temperature of the carbon heater 
through a clear window, built into the outer con- 
tainer of the heat furnace, is also being used (First 
Publication Laid open number 63-107888). How- 

40 ever, time is required for the liquid temperature to 
reach the temperature of the heater (i.e. due to the 
existence of time lags). In this process, the liquid 
temperature is actually controlled in accordance 
with the profile of the fixed time and temperature: 

45 establishing a fixed temperature was difficult. More- 
over, a separate method exists in which a single 
spectormeter is used to directly measure the melt 
temperature through the clear window that was 
built into the container surface of the heat furnace. 

50 However, in this method, fluctuations in the tem- 
perature of the molten liquid at the time of melting 
produces clouding of the window due to the gas of 
the raw material gas from the melt surface. Thus 
the power of the spectrometer was susceptible to 

55 fluctuations and the method was liable to frequent 
error. 

Additionally, there exists a PID control method 
for controlling the fixed temperature of the melt 

3 
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(proportional, integral, derivative control). In this 
PID control, the detection temperature, which is 
based on a appropriately established parameter, 
gives feedback to the electrical power of the heat- 
er. The parameter can then be adjusted further 
using the control result of the previous parameter. 
But when the condition of the PID control in the 
initial stage was unstable a number of disadvan- 
tages resulted: precise control was not possible 
and a great amount of time was needed to reach 
the optimum parameter. In addition, the time-fixed 
temperature was greatly separated from the tem- 
perature of the melt and the process became sus- 
ceptible to overshooting. 

In the manufacturing of single crystals in the 
prior art, among the various conditions for operat- 
ing the draw up furnace, such things as the speed 
of pull up (in particular the growing speed of the 
crystal) and the heater temperature were automati- 
cally recorded on paper, but the other conditions 
were checked by the eye of the operator using 
standard set points. 

But among the silicon single crystals manufac- 
tured in the manner described above, the solidifica- 
tion of the crystal produces many drawbacks such 
as point defects, or inconsistencies in the oxygen 
and carbon concentrations. It is known that these 
inconsistencies are the primary causes of fluc- 
tuations in the conditions at the time of pull up. 
However, the allowable sphere of these incon- 
sistencies is not something that can be decided as 
a rule. This is because depending on the con- 
ditions under which the semiconductor is manufac- 
tured, the single crystal used will undergo many 
different heat histories, up until the end of the 
process, the oxygen precipitates fall within the lim- 
its of the field. The conditions come to demand the 
maintenance of the wafer strength, each kind man- 
ufactured for the customer is different as the con- 
ditions demand; and until the end of the process 
the precipitation of the oxygen has to be in an 
appropriate range, the strength of the waver has to 
be maintained and the necessary conditions vary- 
ing with each kind of product for the customer are 
directed. 

The radial distribution of the oxygen density 
becomes a problem, the oxygen precipitation de- 
pending on the density difference between the 
inner and surrounding part becomes nonuniform, a 
decline in the yield of the semiconductor chips and 
a warpage thereof occurs, production and transport 
equipment for semiconductors cannot be operated 
and it becomes obvious that a continued produc- 
tion becomes impossible. 

Furthermore, when specific IC semiconductors 
are produced, inside the single crystal there exist 
regions often having oxidation stacking faults caus- 
ed by oxygen which is generated during oxidation 



heat treatment (hereafter OSF occurrence region). 
If using wafers picked out from such an OSF oc- 
currence region in the heat treatment process of 
the semiconductor IC production, OSF occurs and 

s rejected chips is the consequence. 

Therefore, for supplying a wafer fitting these 
specific semiconductor production conditions, 
semiconductor production is performed by using 
many kinds of quality samples for pulling up the 

w conditions; the performance of the pull up at op- 
timal conditions for product yield is normally done 
in the high integration semiconductor production. 

Furthermore, for preventing specific semicon- 
ductor production conditions under which OSF fre- 

15 quently occurs, heat treatment is performed by 
assuming the riskiest conditions, and after the heat 
treatment, the OSF density is decided. Therefore, 
abnormal OSF occurrence regions are eliminated in 
an after-process; the single crystal undergoes slic- 

20 ing; samples are taken out from these slices after 
being oxidation heat treated under conditions which 
are decided by the customer; they are examined 
by sliced wafers and it is confirmed whether or not 
OSF occurrence regions exist. If OSF occurrence 

25 regions exist, then the parts before and behind this 
one are considered as a malproduct. In order to 
survey the IG effect, simulation heat treatment re- 
producing the heat history of specific ICs is regu- 
larly carried out and a decision is made on whether 

30 or not a change in the condition has occurred. 

Furthermore, in prior art pull up methods for 
single crystals, not all of the various conditions for 
pulling up single crystals are recorded, even when 
the log record style is determined, record leaks 

35 and record misses cannot be avoided, and for all 
parts of single crystals thus obtained, it is usually 
difficult to accurately get hold of the information 
whether or not a region was in conformity with the 
demand of the customer. 

40 Even when a quality test according to afore- 

mentioned sampling inspection is performed, com- 
pletely satisfying test results are not obtained and 
there is demand for improvement. 

45 Summary of the invention 

The present invention takes into account the 
above described circumstances, and it is further an 
object of the present invention to provide a method 
so which allows the exact control of the position of the 
melt surface, as well as by suppressing the disper- 
sion of the oxygen concentration in axial direction, 
by which it becomes possible to produce a uniform 
single crystal. 

55 For this reason, in the present invention a 

signal is caused to fall on the melt surface, the 
position of the molten liquid surface is determined 
by detecting the signal reflected from the molten 
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liquid surface, and the crucible is lifted according 
to the deviation from a set value. 

When the signal is radiated on the melt sur- 
face, which has ripples due to influences from the 
rotating crucible and the evaporating SiO, the in- 
cident signal is reflected at the molten liquid sur- 
face. Then, by detecting this reflected signal, the 
position of the molten liquid surface is measured, 
the crucible is lifted according to the deviation of 
the set value and the position of the molten liquid 
level can be controlled. Though a change of the 
molten liquid surface is caused by heat variations 
of the crucible, the position of the molten liquid 
level can be exactly controlled, and the condition of 
the melt surface, that is the growth surface of the 
single crystal, can be stabilized. Therefore, a single 
crystal having constant parameters, such as oxy- 
gen concentration in axial direction, can be pro- 
duced. 

It is another object of the present invention to 
measure the temperature of the liquid level ac- 
curately when molten, to detect that the molten 
liquid current is in a stationary state, and further- 
more to be able to produce automatically a crystal 
without dislocations in the seed process where a 
seed crystal in the molten liquid is dunked in and 
thinly drawn up, by accurately controlling the tem- 
perature of the melt level at a set temperature, 
which is based on the aforementioned temperature. 

Therefore, in the present invention, the surface 
temperature of the liquid is measured by taking the 
radiation energy ratio at two different wavelengths 
in the infrared emitted by the molten liquid surface. 
The heater current is regulated according to the 
deviation from the set value and the liquid surface 
temperature is controlled. 

For measuring aforementioned melt tempera- 
ture, it is advisable to make use of two thermom- 
eters which measure the molten liquid temperature 
by taking the radiation energy ratio at two different 
wavelengths in the infrared, emitted from the mol- 
ten liquid surface. 

Because for measuring the melt surface tem- 
perature by taking the radiation energy ratio at two 
wavelengths in the infrared region, which are radi- 
ated from the melt surface when molten, in the pull 
up method for single crystals of the present inven- 
tion, even if there is condensation on the window 
with raw material gas originating from the molten 
liquid surface and the radiation intensity varies, 
both wavelengths are influenced in the same way 
and the radiation energy ratio at these two 
wavelengths does not change. For this reason, the 
temperature of the molten liquid surface can be 
accurately measured, independent of external fac- 
tors, such as condensation on the window. 

According to the single crystal growth method 
of the present invention, the molten liquid surface 
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temperature of the raw material solution uneffected 
by external factors, such as precipitation on the 
window, can be exactly measured. 

According to the single crystal growth method 

5 of the present invention, overheating by overshoot 
cannot occur and the liquid cannot evaporate ex- 
cessively. Since it is possible to accurately control 
the temperature of the liquid surface because of 
the aforementioned reason, a single crystal of de- 

70 termined shape and quality can be produced. 
Moreover, since the liquid surface temperature of 
the raw material solution can be accurately con- 
trolled with respect to time, automatic setting of 
timing for dipping the seed crystal into the molten 

75 liquid is possible which has the consequence that 
the manufacturing process can be automated. By 
measuring and controlling the liquid surface tem- 
perature, even during the draw up, the pulling 
speed can be stabilized and a silicon single crystal 

20 of very high quality may be produced. 

It is another object of the present invention to 
surely get hold of the single crystal lot region 
which does not meet the conditions of the cus- 
tomer, and to provide a single crystal growth meth- 

25 od which enables to improve quality reliance and 
stability. 

Therefore, in the single crystal growth method 
of the present invention, data related to the draw 
up conditions during the pulling are detected and 

30 stored; the start time of each process during the 
draw up process is detected and stored; aforemen- 
tioned stored survey data are compared with their 
beforehand stored corresponding tolerances; by 
outputting data failing the tolerances as nonconfor- 

35 mity pulling information, after finishing the draw up 
it becomes possible to detect regions inside the 
single crystal which fait the draw up conditions; and 
furthermore all draw up data are conserved. 

According to the single crystal growth method 

40 of present invention, it is impossible that operator 
entries are omitted or entry misses occur, and by 
comparing the observation data with the standard 
set values by means of computer processing, at 
the end of the pull up, it is possible to get hold of 

45 the parts failing the condition of the single crystal 
due to abnormal operation conditions which remain 
undetected in prior art logs. Then, in the slicing 
process following the pull up process, nonconform 
regions may immediately be excluded, and in an 

so after process, nonconform regions can be prevent- 
ed to be supplied. 

Accordingly, regions failing the conditions as 
well as crystal lots not meeting the manufacturing 
conditions of the customer, may accurately be at- 

55 tained, and quality reliance and stability can be 
improved. Furthermore, by using the method of the 
present invention, it is possible to attain the status 
quo of the single crystal pull up from a central 

5 
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control room; malfunctions and mistakes of the pull 
up procedure can be corrected quickly by a su- 
pervisor via remote control. If there occur abnor- 
malities in the manufacturing process, such as a 
sharply decreasing yield rate, or interruptions in the 
process continuation, though the shipping was 
judged to meet quality standards and has not 
shown any abnormals, it is possible to call imme- 
diately those data on the screen which lie back a 
reasonable period of time which gives the possibil- 
ity to recheck the detailed history of the draw up, 
to specify a crystal lot pulled up under identical 
conditions or exclude the ones currently in the 
manufacturing process. Furthermore, if there ap- 
pear differences in identical semiconductor manu- 
facturing conditions within a crystal lot, it is possi- 
ble to newly discover the relation between the 
operation, which was formerly overlooked, and the 
single crystal quality, by comparing and examining 
these data, and single crystal draw up conditions 
which are most suitable for a variety of semicon- 
ductor manufacturing conditions may be set. These 
are the most important effects of the present inven- 
tion. 

Brief description of the drawings 

Figure 1 shows a schematic diagram of an 
equipment which is an example for the im- 
plementation of the single crystal growth method 
stated in claim 4. 

Figure 2 is a flowchart showing the process of 
the first preferred embodiment. 
Figure 3 is. a flowchart showing the first process 
of the liquid surface control method. 
Figure 4 is a flowchart showing the second 
process of the liquid surface control method. 
Figure 5 is a graph showing the dispersion of 
the oxygen density in axial direction of the sili- 
con single crystal manufactured according to the 
second preferred embodiment. 
Figure 6 is a graph showing the dispersion of 
the oxygen density in axial direction of the sili- 
con single crystal manufactured according to a 
comparative example. 

Figure 7 is a schematic diagram showing an 
example of an equipment for implementing the 
single crystal growth method of claim 5. 
Figure 8 is a flowchart for explaining the melt 
process. 

Figure 9 is a flowchart for explaining the setting 
process. 

Figure 10 is a block diagram for explaining the 
simulation method by dead time + first order 
delay process step response (PROC). 
Figure 11 is a block diagram for explaining the 
simulation method by dead time + first order 
. delay process feed back simulation (FEED). 



Figure 12 is a block diagram for explaining the 
simulation method by dead time compensation 
feed back simulation (COMP). 
Figure 13 is a graph showing the simulation 
5 effect by dead time + first order process step 
response (PROC). 

Figure 14 is a graph showing the simulation 
effect by dead time + first order delay process 
feed back simulation (FEED). 
70 Figure 15 is a graph showing the simulation 
effect by dead time compensation feed back 
simulation (COMP). 

Figure 16 is a graph showing the simulation 
effect by the same dead time compensation 

is feed back simulation (COMP). 

Figure 17 is a schematic construction diagram 
showing the operation condition supervising sys- 
tem of the equipment implementation of the first 
preferred embodiment of the single crystal 

20 growth method from claim 7. 

Figure 18 is a cross section drawing showing 
the pulling apparatus main body comprising the 
equipment implementing the first preferred em- 
bodiment of the single crystal growth method of 

25 claim 7. 

Figure 19 is a flow chart showing the first pre- 
ferred embodiment of the single crystal growth 
method of the present invention. 
Figure 20 shows the screen to which all toler- 

30 ance fluctuation rate parameters are input. 

Figure 21 is a graph where the seed growth 
speed is displayed in the axis of ordinate and 
the draw up length in the axis of abscissa. 
Figure 22 shows the screen display of the op- 

35 eration condition. 

Figure 23 is a schematic diagram for explaining 
the relation between pulling speed and forma- 
tions of OSF occurrence regions. 
Figure 24 is a schematic diagram for explaining 

40 the relation between the ratio of seed rotation 
frequency and crucible rotation frequency and 
ORG. 

Figure 25 is a figure from the output of the 
printer showing the parts for which the seed 
45 growth speed is out of tolerance. 

Preferred embodiments of the invention 

Hereinafter, a detailed explanation on the single 
50 crystal growth method of the present invention is 
given by reference to the figures. 

First preferred embodiment 

55 Figure 1 shows an example of the single cry- 

stal pulling equipment used for implementing the 
single crystal growth method according to claim 4. 
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In this figure, there is a furnace main body 1; 
and roughly in the center of this furnace main body 

1 a quartz crucible 2 is provided. In the inner part 
of this quartz crucible 2, the single crystal raw 
material is allocated and becomes the molten liquid 
6 when dissolved. Furthermore, this quartz crucible 

2 is installed via a graphite susceptor 3 on a lower 
axis 4, which can move up and down and rotate. 
Then, a carbon heater 7 controlling the temperature 
of the molten liquid 6, which is contained in the 
quartz crucible 2, is provided in the vicinity of 
aforementioned quartz crucible 2. Moreover, an in- 
sulation tube 8 is installed between heater 7 and 
furnace main body 1. In this insulation tube 8, a 
tube shaped radiation heat shielding body 11 is 
supported by a plurality of engagement parts. This 
radiation heat shielding body 1 1 is tapered in 
downward direction. This radiation heat shielding 
body prevents changes of the heat history of the 
pulled crystal, has the function of preventing impu- 
rities, such as CO gas originating from e.g. heater 
7, enter the single crystal. The distance between 
the liquid surface and the tip of the radiation heat 
shielding body 11 must accurately be set in order 
to standardize the current path of the gas. 

Furthermore, a single crystal cooling pipe 10, 
which is water cooled, is attached to the neck part 
14 of furnace main body 1. This single crystal 
cooling pipe 10 sticks out into furnace main body 1 
and serves for controlling the heat history of the 
silicon single crystal during the pulling. Between 
the aforementioned single crystal cooling pipe 10 
and the neck part 14 of furnace main body 1, the 
pipe shaped gas current path is being formed. 
Furthermore, in the inner part of this single crystal 
cooling pipe 10 and neck part 14 of furnace 1, a 
wire 9 holding the seed crystal 5 and performing 
the draw up, is fixed in a hanging position and can 
freely move up and down and rotate. Next a feed 
pipe 20 for supplying Argon gas to the inside of 
single crystal cooling pipe 10 is connected to the 
upper end of aforementioned neck part 14. Further- 
more, a window 12 is provided in the shoulder part 
of furnace main body 1 . 

Furthermore, a laser light source 13 for radiat- 
ing laser light on the surface of molten liquid 6, a 
focus lense 15 for focusing the laserlight reflected 
at the molten liquid surface 6 and an optical sensor 
16 for absorbing the focused reflected light are 
provided in the outer part of aforementioned fur- 
nace 1. In the outer part of furnace main body 1, 
there are further provided: a monitor 17 displaying 
the difference between the set value and the mol- 
ten liquid surface position to which the electric 
current signal output by optical sensor 16 was 
converted, a feedback control apparatus for feeding 
back this difference, and a crucible control appara- 
tus 19 controlling the position of the crucible. 
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When producing a single crystal by using the 
single crystal pulling equipment constructed as 
mentioned before, argon gas is put into furnace 
main body 1 via aforementioned feed pipe 20; the 

5 ambient inside the furnace main body 1 is substi- 
tuted by argon gas; the single crystal raw material 
which was placed beforehand into the inside of 
quartz crucible 2 is dissolved to molten liquid 6 by 
means of heater 7; and then the temperature of 

io molten liquid 6 is maintained at an adequate tem- 
perature for the single crystal pulling (melting pro- 
cess). 

Next, wire 9 is lowered and the lower surface 
of seed crystal 5, which is positioned at the lower 

is end of wire 9, is brought in direct contact with 
molten liquid 6. Thereafter, quartz crucible 2 and 
seed crystal 5 are caused to rotate in opposite 
direction of each other, and by pulling wire 9 at a 
constant speed, the growth of the single crystal at 

20 the bottom end of seed crystal 5 is initiated. In the 
meantime, at every second interval of a certain 
period, laser light is emitted from laser emitting 
apparatus 13 and caused to fall on the liquid sur- 
face of the molten liquid 6. The laser light reflected 

25 on the liquid surface is focused by focus lense 15, 
outputted as electric current signal by optical sen- 
sor 16, and then this electric current signal is 
simultaneously converted to the liquid surface posi- 
tion value and displayed at monitor 17. If the liquid 

30 surface position deviates from the set value, it is 
fed 6ack to crucible control apparatus 19 by feed 
back control apparatus 18, quartz crucible 2 having 
constant speed is moved upwards by crucible con- 
trol apparatus 19, and the surface of molten liquid 

35 6 is controlled (seed process). 

Moreover, at the time just before the diameter 
of the pulled single crystal becomes constant and 
the liquid surface position measured by aforemen- 
tioned laser-light is equal to the set value, quartz 

40 crucible 2 is elevated at constant speed by crucible 
control apparatus 19. When the position of the 
molten liquid level is higher than the set value, 
quartz crucible 2 is lifted with a crucible lifting 
speed which is decreased by a fixed ratio when 

45 compared with the aforementioned constant speed. 
When the position of the molten liquid surface is 
lower than the set value, the quartz crucible 2 is 
lifted with a crucible lifting speed which is in- 
creased by a fixed ratio when compared with the 

so aforementioned constant speed. Thus, the position 
of liquid 6 is controlled (shoulder process). 

Proceeding like this, while controlling the liquid 
surface position of molten liquid 6, the silicon sin- 
gle crystal is drawn up and due to the approach of 

55 the shoulder part of the silicon's single crystal 
upper part to the tapered opening of radiation heat 
shielding body 11 and to the lower end of crystal 
cooling pipe 10, the current path resistance of the 

7 
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argon gas, which is streaming downwards at the 
inner part of single crystal cooling pipe 10, in- 
creases, but because the argon gas flux flowing 
through branch pipe 21 increases and the amount 
of gas, which contains heated SiO and is located 
between the molten liquid and the radiation heat 
shielding body 11, is increased, consequently, a 
sudden change in the flow of argon gas supplied to 
the crystal growth surface can be suppressed. Ac- 
cordingly, there is no sudden temperature change 
in the crystal growth face neighbourhood of the 
quartz crucible 2 and the ventilation of SiO coming 
from molten liquid 6 can be smoothly put into 
practice, crystal defects don't occur, and it is pos- 
sible to pulled the silicon single crystal such that 
the variation of oxygen density stays small. 

If a single crystal has been pulled to the de- 
sired length according to the aforementioned pro- 
cedure, the liquid surface control is stopped, the 
power for heater 7 switched off and the draw up of 
the single crystal is terminated (bottom process). 

Next, the operation procedures in all the afore- 
mentioned processes are once more explained in 
detailed by following the flow-charts from figure 2 
to figure 4. 

1. Melting process 

First, the solving process SW is put on, power 
of heater 7 is put on (step 30), and by dissolving 
the single crystal raw material, which is put into the 
quartz crystal crucible 2, molten liquid 6 is ob- 
tained. Next, after having made sure that the cru- 
cible position is above the zero point position (step 
32), the power source for laser emitting apparatus 
13 is switched on (step 34). At this point, the 
vacuum gauge (not shown in the figure) provided 
inside the furnace main body 1 is switched off 
when there is an atmosphere. Furthermore, the 
display of monitor 17 for the liquid level position is 
started (step 36). 

2. Seed process 

Next, wire 9 is lowered and the lower surface 
of seed crystal 5, which is attached to the lower 
end of wire 9, is brought into contact with molten 
liquid. After this, quartz crucible 2 and seed crystal 
5 are caused to rotate in opposite direction (seed 
rotation on, crucible rotation on), and by drawing 
up wire 9 at constant speed the growth of the 
single crystal at the lower end of seed crystal 5 is 
being started (slow seed lifting on) (step 38). When 
at this point either aforementioned seed rotation, 
crucible rotation or slow seed lifting is put off, the 
control is stopped and sent back to step 32 of 
dissolution process 1 . 



BNSDOCID: <£P 0S364OSA1 J_> 



After step 38, the first liquid level control is 
executed (step 40). On the subject of this liquid 
level control method, detailed explanations are giv- 
en by following the flow chart in figure 3. 
5 At the beginning of this liquid level control, it 

has to be checked whether the following conditions 
are satisfied (liquid level control start conditions). 

a) Laser liquid level control flag is set. 

b) Power of heater seven is available. 

10 c) The inside of crucible main body 1 is de- 
compressed below a certain pressure. 

d) The position of the crucible is set above the 
zero point. 

e) The seed rotation, crucible rotation and slow 
75 seed lifting is switched on. 

If it is certain that among the conditions a to e 
conditions a, b, c, d are satisfied (Yes case of step 
41), the laser light emitted from laser emitting 
apparatus 13, whose interval is set to a sampling 

20 time of 0.1 sec, falls on the surface of molten 
liquid 6; the laser light reflected by the liquid sur- 
face is focused by focus lense 15 and the ab- 
sorbed value is sampled with optical sensor 16. 
Furthermore, for smoothing the liquid surface posi- 

25 tion, 50 sampling data are accumulated; the aver- 
age of these 50 data is taken and displayed as 
liquid surface position at monitor 17 (step 42, step 
43). 

Next, if condition e is satisfied, liquid surface 

30 control is started (Yes case of step 44). 

First, the response time (interval of time which 
is fed back to crucible lift) is set to 10 seconds. 
When this time has passed (step 45), it is deter- 
mined whether or not the liquid level position lies 

35 within the liquid level shift tolerance value of 0.1 
mm (step 46). 

In case the liquid level position lies outside the 
range of liquid level shift tolerance value, the cru- 
cible lifting speed is increased to 0.05 mm/min 

40 (step 47), and if the liquid position lies within the 
liquid level shift tolerance value (No case of step 
46), the lifting of the crucible is stopped (step 48). 

After step 48 is terminated, step 50 shown in 
figure 2 follows next. 

45 On the other hand, if in step 41 not each of the 

steps a to d are satisfied, there is a jump back to 
step 30 in figure 2. If further condition e in step 44 
is not satisfied, there is a jump back to step 38 
shown in figure 2. 

50 

3. Shoulder Process 

Furthermore, the diameter of the drawn up 
single crystal (shoulder diameter) is detected, and 
55 it is determined whether it became equal to the 
diameter which set the crucible lifting start (step 50 
of figure 2). If it equals the set diameter, the 
crucible lifting starts (step 52) and the second level 

8 
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liquid control is performed (step 60). 

If on the other hand the- shoulder diameter 
does not match the set diameter (No case of step 
50), the first liquid level control process of. step 40 
is repeated. 5 

A detailed explanation of the second surface 
liquid control method is given by following the 
flowchart shown in figure 4. 

First, when starting the second liquid surface 
control, it is checked whether the conditions stated io 
hereafter are satisfied (liquid surface control start 
condition) (step 61 ). 

f) Performance of first liquid surface control. 

g) The shoulder diameter becomes equal to a 
beforehand set diameter, the crucible is lifted 75 
and the start of the second liquid surface control 

can be prepared. 

If, on the other hand, one Of the conditions f, g 
is not satisfied (No case of step 61), there is a 
jump back to step 40 in figure 2, and if conditions 20 
f, g are satisfied (Yes case of step 61), after pass- 
ing the response time of 10 seconds (step 62), it is 
determined whether the liquid level position lies in 
the liquid level shift tolerance value of 0.1 mm 
(step 63). 25 

If the liquid level position lies within the range 
of the liquid level shift tolerance value (No case of 
step 63), step 70 follows, the crucible is lifted at 
the crucible lifting speed (hereafter called standard 
crucible lifting speed), which is calculated by (seed 30 
lifting speed) x (crucible lifting ratio). (In other 
words, ratio correction value of crucible lifting is 0). 

On the other hand, if the liquid level position 
does not lie within the range of the liquid level shift 
tolerance value (Yes case of step 63), the liquid 35 
level control described hereafter is performed. 

First, when the liquid level position is lower, 
than the liquid level set value, the crucible lifting 
speed is corrected by increasing the lifting speed 
with a correction ratio of only 5% (step 64). The 40 
response time is 10 seconds (step 65). By repeat- 
edly performing liquid level measuring, it is deter- 
mined whether it lies within the range of the shift 
tolerance value (step 66); if the liquid level position 
lies repeatedly under the liquid level set value (Yes 45 
case of step 66), the correction ratio is newly 
added, and there is an increase towards the stan- 
dard crucible lifting speed of a 2 x 5% correction 
value part lifting speed. Proceeding like this, the 
correction ratio is added to the crucible lifting so 
speed until the liquid level position becomes the 
liquid level set value. In other words, in the mean- 
time, when there occurs n times such a correction, 
the crucible lifting speed is increased by correction 
value n x 5% when compared with the uncorrected 55 
value (step 68). This correction continues until n x 
5% becomes the ratio correction limit value (No 
case of step 69). If the liquid level position enters 



the range of the shift tolerance value before it 
becomes equal to the ratio correction limit value 
(No case of step 66), it is decided whether the 
liquid level position is below 0 (step 67), and if the 
liquid level position is below 0 (Yes case of case 
67), step 70 follows. Furthermore, if the liquid level 
position is greater than 0 (No case of step 67), 
there is a jump back to step 64, and the correction 
of the crucible lifting ratio is repeatedly performed. 

On the other hand, if the liquid level position of 
molten liquid 6 is higher than the liquid level set 
value, the crucible lifting speed is stepwise de- 
creased by the correction ratio (5%), and the lifting 
speed decreases. In other words, if there are n 
corrections until reaching the liquid level set value, 
the crucible lifting speed is decreased by correct- 
ing it n x 5% (step 68). Then, if the liquid level 
position reaches the shift tolerance value (No case 
of step 66) and the liquid level position is below 0 
(Yes case of step 67) or n x 5% exceeds the ratio 
correction limit value, the standard crucible lifting 
speed before the correction is reactivated, and the 
crucible is lifted (step 70). After step 70, step 80 
displayed in figure 2 follows. 

4. Bottom process 

After having performed the draw up of the 
single crystal described hereinafter, it is confirmed 
whether the draw up has reached a predetermined 
value (step 80). If the single crystal has not been 
drawn up to a predetermined length (No case of 
step 80), there is a jump back to the second liquid 
control process of step 60. If the crystal has been 
drawn up to a predetermined length (Yes case of 
case 80), the bottom process is switched on (step 
82), and thereafter, the bottom end or Power Off is 
reached (step 84), the laser power source is 
switched off (step 86), the liquid surface position 
monitor is switched off (step 88) and the single 
crystal draw up is finished. 

This liquid surface control method makes use 
of causing laser light to fall on to the liquid surface 
of molten liquid 6 at the time of draw up growth of 
the single crystal, and by detecting the reflected 
light from the surface, the shift from the set value 
of the liquid surface position is measured, and 
since there is a method lifting the crucible accord- 
ing to this shift, it is possible to exactly control the 
liquid level position even in the shoulder forming 
process (seed process) which was difficult to be 
controlled by hitherto liquid level position controls. 
Even if there occurs a change in the liquid level 
position of molten liquid 6 by heat deformation of 
quartz crucible 2, the liquid level position can be 
controlled more accurately, and it becomes possi- 
ble to stabilize the molten liquid surface, or in other 
words, the condition of the single crystal growth 
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surface. By using the radiation heat shielding body 
board and by drawing up the -single crystal, a 
single crystal can be produced so that the variation 
of the oxygen density in axial direction becomes 
smaller. 

Second preferred embodiment 

By using the apparatus of the first preferred 
embodiment, a silicon single crystal was produced. 

At a pressure of 10 Torr inside furnace main 
body 1 and an argon gas flux of 30 Nl/min, 50 kg 
of polycrystal silicon are dissolved in the quartz 
crucible 2, which has a diameter of 16 inch. After 
the temperature of molten liquid 6 inside the quartz 
crucible 2 has reached a level where it is possible 
to perform the draw up, wire 9 is lowered and seed 
crystal 5 is brought in direct contact with molten 
liquid 6. Then the revolution speed of seed crystal 
5 is set to 22 rpm, the revolution speed of quartz 
crucible 2 to 5 rpm, and the silicon single crystal is 
drawn up at a speed of approximately 1.5 mm/min. 

From the time when the dissolution of the raw 
material has finished, laser is shone on the liquid 
surface by laser equipment apparatus 13, the liquid 
position of molten liquid 6 is 50 times sampled in 
an interval of 0.1 sec, and the molten liquid posi- 
tion is smoothed. Then the shift tolerance range is 
set to ±0.1 mm. If there is a deviation beyond this 
margin, feed back control equipment 18 is put into 
action. A one time correction of the crucible lifting 
speed is set to ±0.5% and the limit value where the 
crucible lifting speed can be corrected is set to 
±20%. The time interval from measuring the liquid 
level to the control of the crucible shifting speed is 
set to 10 seconds. By controlling the liquid level 
position of molten liquid 6 in such a way, it was 
possible to take the difference between the liquid 
level shift and the set value within a range of 0.1 
mm during the control process period. 

The oxygen density dispersion in axial direc- . 
tion of the silicon single crystal obtained from this 
example is shown in figure 5. Furthermore, the 
oxygen density in axial direction of the silicon 
single crystal produced according to the former 
ratio control is shown as a comparative example. 

As a result of this, it was confirmed that the 
oxygen density in axial direction stayed roughly 
constant when control of the molten liquid surface 
was performed by laser. 

Third preferred embodiment 

Figure 7 shows an example of a single crystal 
pulling apparatus for implementing the single cry- 
stal growth method according to claim 5. 

In this figure, identical signs are attached to 
similar construction parts for simplifying explana- 



tions. 

Points at this apparatus which differ from the 
apparatus of the first preferred embodiment, are 
the points following hereafter, whereas the other 

5 parts are similar to the ones of the first preferred 
embodiment. 

In the inner part of aforementioned furnace 
main body 1 an ADC sensor 24 for measuring via 
window 12 the diameter of the silicon single crystal 

w to be pulled up and a line camera 25 are provided. 

Furthermore, a window 23 is provided at the 
side part of furnace main body 1 . Via this window 
23, ATC sensor 27 measures the temperature of 
heater 7. On the upper part of neck part 14 of 

75 furnace main body 1, a dichromatic thermometer 
26 for measuring the temperature of molten liquid 
6, is provided. To this dichromatic thermometer 
there are connected, a computer system 28 which 
determines the power for heater 7 by PI D control 

20 according to the result obtained by calculating the 
discrepancy between the measured temperature 
and the set temperature, and an SCR controller 29 
controlling the power for heater 7. 

If a single crystal draw up apparatus construct- 

25 ed like the one mentioned before is used and a 
single crystal is produced, first, valve 21 is ac- 
tivated, and at a fixed manufactured opening, argon 
gas is fed into the inner of furnace main body 1 via 
aforementioned feed pipe 20 and branch pipe 22, 

30 and while the ambient inside furnace main body 1 
is replaced by Argon gas, the single crystal raw 
material which was put beforehand into quartz cru- 
cible 2, is dissolved by heater 7 (dissolving pro- 
cess). Inside quartz crucible 2, the temperature 

35 control for the single crystal raw material melting 
period is performed as described above. 

The liquid surface temperature is measured by 
using a dichromatic thermometer 26, which is at- 
tached to the outer part of furnace main body 1, 

40 yields the reflected energy ratio of two waves 
which are reflected by the molten liquid surface at 
the time of dissolving and have different 
wavelengths in the infrared. The heater power cor- 
responding to the discrepancy between the liquid 

45 level temperature and the set temperature comes 
from SCR controller 29 backed up by the PID 
control in computer system 28 and is applied to 
heater 7. Thus, the liquid surface temperature is 
regulated to the set temperature. 

so After having maintained the temperature of dis- 

solved molten liquid 6 at the set temperature suit- 
able for the single crystal pulling, wire 9 is lowered 
and the seed crystal attached to the bottom end of 
wire 9 is dipped into molten liquid 6. Then, by 

55 pulling the seed crystal, while quartz crucible 2 and 
the seed crystal rotate in opposite directions, the 
silicon single crystal 5 is caused to grow at the 
bottom end of the seed crystal (seed process). 

10 
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Since the shoulder part in the upper part of 
silicon single crystal 5 approaches the bottom end 
of single crystal cooling pipe 10 and the opening 
part of radiation heat shielding body 11, which is 
shrunken in diameter, at the time when the silicon 
single crystal 5 is pulling in aforementioned way, 
the flow path resistance of the argon gas flowing 
down the inner part of single crystal cooling pipe 
10 increases. Since there is an increase in both, 
the flux of argon gas streaming through branch 
pipe 22 and the amount of gas containing heated 
SiO and located between the molten liquid and the 
radiation heat shielding body 11, as a result, a 
sudden change in the flow of argon gas supplied to 
the crystal growth surface is suppressed. There- 
fore, a sudden temperature change in the single 
crystal growth surface vicinity inside quartz cru- 
cible 2 does not occur, the ventilation of SiO from 
molten liquid 6 is smoothed, the crystal has no 
dislocations, and it is possible to proceed with the 
draw up of silicon single crystal 5, so that there are 
only small variations of oxygen concentration. 

Though it is possible to grow a silicon single 
crystal 5 of surpassing quality by the aforemen- 
tioned method, a detailed explanation on the pro- 
cess controlling the liquid surface temperature to 
the set temperature before dipping the seed crystal 
into molten liquid 6, is given by the flow-charts in 
figure 8 and figure 9. 

First, an explanation on the dissolving process 
for dissolving the single crystal raw material is 
given by following the flow chart of figure 8. 

The SW of the dissolving process is switched 
on (step 130), the heater power source is switched 
on and the voltage of heater 7 is raised to a fixed 
value. At the time when the heater power source is 
switched on, time is set to 0 (step 132). 

Then, the use of the dichromatic thermometer 
26 and the smoothing of the liquid level tempera- 
ture is started (step 134 of figure 8). If the decision 
whether the crucible rotation starting time has 
passed is Yes (step 136), the crucible rotation is 
started (step 144). If this decision is no, and the 
decision on whether the liquid surface temperature 
has reached the set temperature where the crucible 
can be rotated (step 138) is Yes, it is decided 
whether or not the delay time until the crucible 
may be rotated has passed (step 140). If the an- 
swer to step 140 is Yes, step 144 follows next and 
the crucible rotation is started. On the other hand, if 
the answer to step 138 is No, there is a jump back 
to step 1 34, and if the answer to step 1 40 is No, 
step 144 follows after the delay time until the 
crucible rotation can be started (step 142) has 
passed. 

In step 144, the number of revolutions of quartz 
crucible 2 is increased to the set rotation value by 
a process described hereinafter. 



First, after having confirmed that the crucible 
rotation starting time has passed since the set 
time, the message of rotation start inquiry is output 
and by detecting the crucible rotation switch on 

5 On, the crucible rotation start is confirmed. 

Second, after the crucible rotation switch is set 
on On, by controlling the crucible rotation motor, 
the number of revolutions of the crucible is slowly 
increased until the set revolution number is 

io reached. 

When the crucible revolution number has 
reached the set revolution number, it is decided 
whether the delay time for lifting the crucible has 
passed (step 146). If the answer is Yes, step 156 

75 follows and the crucible lifting is started. If the 
answer is No, it is decided whether the delay time 
for the set temperature confirmation where the cru- 
cible can be lifted has passed (step 148); if the 
answer is Yes, it is decided * whether the crucible 

20 has reached the temperature where is can be lifted 
(step 152). In case the answer to step 152 is Yes, 
step 156 follows and the crucible lifting is started. 
On the other hand, if the answer to step 148 is No, 
step 152 follows after the delay time for the set 

25 temperature confirmation where the crucible can be 
lifted has passed (step 1 50). If the answer to step 
152 is No, step 156 follows a pause until the set 
temperature where the crucible can be lifted is 
reached (step 154). 

30 In step 156 the crucible lifting is started, and 

lifted continuously to a beforehand set crucible 
lifting distance. Next, heater 7 is powered down to 
a fixed value (step 158), the liquid surface tempera- 
ture is detected by dichromatic thermometer 26, 

35 and it can be decided whether the dissolution end 
temperature is exceeded (step 160). 

If the . answer to step 160 is Yes, it can be 
decided whether the set process is switched on 
(step 164); if Yes, the later stated set process is 

40 run. If No, a message of termination is output (step 
166). 

If the answer to step 160 is No, step 164 
follows after waiting until the dissolving end tem- 
perature is reached (step 162). 

45 Next, a detailed explanation on the set process 

by following the flow chart in figure 9 is given. 

First, in step 180, it is checked whether ATC 
sensor 27 is normal. This check is performed by 
detecting the temperature of heater 7 by ATC 

50 sensor 27, and if the detected temperature is lower 
than the lower limit of ATC sensor 27 (No case of 
step 180), an error message is displayed (step 
182). If the temperature detected by ACT sensor 
27 is higher than the lower limit of ATC sensor 27 

55 (Yes case of step 180), step 184 follows next, and 
it is checked whether dichromatic thermometer 26 
is in normal condition. This check is executed by 
detecting the liquid surface temperature with di- 
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chromatic thermometer 26. If the detected tem- 
perature is different from the set liquid surface 
temperature (No case of step 184), an error mes- 
sage is output (step 186). If the detected tempera- 
ture is equal to the set liquid surface temperature 
(Yes case of step 184), step 188 follows next and 
the position of quartz crucible 2 is set. 

After termination of step 188, the liquid surface 
temperature is set (step 190). This setting is per- 
formed as described hereinafter. 

First, the liquid surface temperature is detected 
by dichromatic thermometer 26, and the difference 
to the set liquid surface temperature is fed back to 
the power supply of heater 7 by controlling the 
SCR controller. However, the liquid surface tem- 
perature is input once in 0.5 seconds and by the 
calculation stated hereafter PID control is per- 
formed. 

Liquid surface temperature n= ({Z liquid surface 
temperature / smoothing frequency) x (700/4095) 
+ 900) + dead time compensation value; 

Heater power = - ( P const x (difference n + I 
const x Z ((difference n -1 + difference n )/2) x At 
+ D const x ((difference n - difference n-1) / At x 
EXP(-t/time const))) + bias; 

whereby 

difference n = 

liquid surface temperature n - set liquid surface 
temperature, 

P const = (P const of set process parameter)/1 00, 
I const = 10000/(1 const of set process param- 
eter), 

D const = (D const of set process parameter)/10, 
time const = (time const of set process param- 
eter)^ 00 

At = (sampling time of set process parameter)- 
/100, 

t = 0 - At 

The calculation method for the dead time com- 
pensation value is shown hereafter. 

F1,n = F1,n-1 + (T s /T) x (Cn-F1 ,n-1) 
F2,n = F2,n-1 + 2 x (T s /L) x (F1 ,n-F2,n-1 ) 
F3,n = F3,n-1 + 2 x (T s /L) x (F2,n-F3,n-1 ) 

Cn : heater power n - bias 
Ts : (sampling time of set process param- 
eter)^ 00 

T : (process time constant of set process 
parameter)/100 x 60 

L : (process dead time of set process pa- 
rameter 00 x 60 



Dead time compensation value = A x (F1,n - F3,n) 
A : process gain of set process parameter/100 

5 

Then, secondly, for detection recristallisation, 
an error message is output if the liquid surface 
temperature is below 1400 °C. 

Thirdly, it is confirmed and finally established 
io that the liquid surface temperature lies within ±1 *C 
of the set liquid surface temperature and that the 
termination decision time is reached. 

After finishing step 190, it is decided whether 
the switch of the seed process is on On (step 192), 
75 and if Yes, the seed process is put into action. If 
the answer is No, a termination message is output 
(step 194). 

The liquid surface temperature before the seed 
process (process of dipping the seed crystal into 

20 molten liquid 6) is controlled to the set temperature 
as described hereinafter. 

Since in this single crystal draw up process the 
dichromatic thermometer 26 is used for measuring 
the liquid surface temperature by taking the energy 

25 ratio of two waves having two wavelengths in the 
infrared and which are reflected from the molten 
liquid surface at the time of melting, the tempera- 
ture of the molten liquid surface of the raw material 
melting, which is not influenced by external factors 

30 such as precipitation on the window, can be exactly 
measured. Therefore, by controlling the heating 
power in accordance with the difference between 
the measured temperature and the set tempera- 
ture, there occurs no overheating by overshoot and 

35 molten liquid cannot evaporate excessively. 

Moreover, since in this single crystal pulling 
process, due to aforementioned reasons, the tem- 
perature of the surface liquid can be accurately 
controlled and a single crystal of constant shape 

40 and quality may be manufactured. 

Furthermore, since in this single crystal manu- 
facturing method, the liquid surface temperature of 
the raw material melting and time can be ac- 
curately controlled, the timing for dipping the seed 

45 crystal into the molten liquid can be set on auto- 
matic, and the seed process can be automated. 

Hereinafter, some more explanations are given 
on the method for deciding by simulation the liquid 
surface control parameters in preferred embodi- 

50 ment 4 to 6. 

Fourth preferred embodiment 

Figure 10 shows the simulation method for 
55 dead time plus linear delay process step response 
(PROC). 

When the process transmission function is set 

to 

12 
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(Ae- LS )/(1 +TS) 

as indicated in figure 10 (whereby, A : process 
gain, L : process dead time, T : process time 
constant, S : process operator), process variable 
PV is calculated when control input C is input and 
output at the frequency of the unit time. 

The calculation is carried out according to the 
difference formulas stated hereafter, which replace 
the transmission function of the Laplace descrip- 
tion. 

• Process 

F1,n = F1,n-1 + (T s /T) x (Cn - F1,n-1) 
F2,n = F2,n-1 + 2 x (T s /L) x (F1,n - F2,n-1) 
F3,n = F3,n-1 + 2 x (T s /L) x (F2,n - F3,n-1) 
PV = AF3,n 

Here, T s is the sampling time. 

In figure 13, the simulation result is shown for 
T s = 30 sec, L = 600 sec, T = 1500 sec, A = 
0.3. 

As a result of this, the graph of the obtained 
time - process variable does not overshoot and 
reaches the setting time of the target value in 
approximately 100 min. 

Fifth preferred embodiment 

Figure 1 1 shows the dead time + linear delay 
process feed back simulation (FEED) method. As 
shown in figure 1 1 the transmission function of the 
process is set to 

(A e- LS )/(1 +TS) 

and the transmission function of the PID control to 
K(1 + (1/T,S) +T D S) 

(whereby, K : comparison gain, T| : integral time, 
T D : differential time), and when the process vari- 
able (PV) is controlled by feed back so it equals 
the target value (SP), control input (C) and process 
variable (PV) are calculated and are repeatedly 
output after each unit time. 

Calculation is performed by substituting the 
transfer function of the Laplace description with the 
difference form stated hereafter. 

• PID controller 
EN = PV - SP 

Vn = (T s /2) x (En + En-1) + Vn-1 

C = K((En + (Vn/T,) + (Td/T s ) x (En - En-1)) 



• process 

Fi,n = F1,n-1 + (T s /T) x (Cn - F1,n-1) 
F2 ( n = F2,n-1 + 2 x (T s /L) x (F1,n - F2,n-1) 
5 F3,n = F3,n-1 + 2 x (T s /L) x (F2,n - F3,n-1) 
PV = AF3,n 

If K = -20, T) = 714 sec, T D = 360 the simulation 
effect shown in figure 14 is obtained. 

w As a result of this, the graph of the obtained 

time and process variable confirms that the set 
time to the target value is approximately 80 min- 
utes and though it is comparatively small to the 
one in the first preferred embodiment, there is an 

75 overshoot. 

Sixth preferred embodiment 

Figure 12 shows the dead time compensation 
20 feed back simulation (COMP). 

When the transfer function of the process, as 
indicated in figure 12, is 

(A e* LS )/(1 +TS) 

25 

the transfer function of the PID controller is 

K(1 + (1/T,S) +T D S) 

30 and the transfer function of the dead time com- 
pensation is 

(A 1 (1 - e Ls ))/(1 + T'S) 

35 (for A' : model process gain, L* : model process 
dead time, ~T : model process time constant), 
and when the process variable (PV) controlled by 
feed back such that it equals the target value (SP), 
control input (C) and the process variable (PV) are 

40 calculated and are repeatedly put out at each unit 
time. 

The calculation is executed by substituting the 
transfer function of the Laplace description by the 
difference form stated hereafter. 

45 

• PID controller 

EN = PV + D - SP 
Vn = (T s /2) x (En + En-1) + Vn-1 
so C = K((En + (Vn/T,) + (T D /T S ) x (En - En-1)) 

• process 

F1,n = F1,n-1 + (T s /T) x (C - F1,n-1) 

F2,n = F2,n-1 + 2 x (T s /L) x (F1,n - F2,n-1) 

55 F3,n = F3,n-1 + 2 x (T s /L) x (F2,n - F3,n-1) 
PV = AF3,n 
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• dead time compensation 

P1,n = F'1,n-1 + (T s /T*) x (C - F'1,n-1) 
P2,n = F'2,n-1 + 2 x (T s /L') x (F'1 n-F2,n-1) 
F'3,n = F'3,n-1 + 2 x (Ts/L 1 ) x (F2,n-F'3,n-1) 
D = A' (F1,n - F3,n) 

Figure 15 shows the simulation results of the 
process variable for the case that L' = 300 sec, T 1 
= 900 sec, A' = 0.1, K = - 20, T, = 526 sec, T 0 
= 150 sec. Furthermore, figure 11 shows the sim- 
ulation result of the process variables for the case 
that L' = 600 sec, V = 1500 Sec, A' = 0.3, K = 
-50, T, = 400 sec, T D = 10 sec. 

Though a change of the process variable could 
be seen in the result displayed in figure 15, in the 
result displayed in figure 16 there is no overshoot 
and in approximately 30 minutes a saturation result 
at the set value can be achieved. 

Seventh preferred embodiment 

A temperature set experiment was performed 
by using the single crystal draw up apparatus ex- 
plained in the third preferred embodiment, a 
charge amount of 40 kg, a crucible revolution 
speed of 5 rpm and by using the parameters 
obtained from the simulation results of figure 16. 
As a result of this, as the heater power was limited 
to the range of 0 - 100 KW, the time until the set 
value was reached was 69 minutes and therefore 
longer than the simulation result in figure 15. How- 
ever, it was possible to obtain a result which does 
not overshoot. 

Eighth preferred embodiment 

Figure 17 and figure 18 show an example of an 
apparatus realizing the silicon single crystal growth 
method according to claim 7. This apparatus of 
figure 18 is a simplification of the draw up appara- 
tus shown in the first and third preferred embodi- 
ment. In this apparatus, a quartz crucible 2 is 
provided in the approximate central part of furnace 
main body 1. This quartz crucible 2 is installed via 
graphite susceptor 3 on a lower axis 4 which can 
move freely up and down and can also rotate 
freely. In the surrounding of quartz crucible 2, 
heater 7 is provided for controlling the temperature 
of silicon molten liquid 6 in the inside of quartz 
crucible 2. Wire ,9, which holds and draws up seed 
crystal 5, hangs over quartz crucible 2, can freely 
move up and down and also rotate freely. When 
silicon single crystal 5 is pulling in furnace main 
body 1 , first the air inside furnace main body 1 is 
sufficiently replaced with argon gas; the raw ma- 
terial which was put beforehand quartz in crucible 2 
is melted by means of heater 7, then wire 9 is 



lowered, so that the seed crystal dips in dissolved 
silicon molten liquid 6, then quartz crucible 2 and 
the seed crystal are caused to rotate in opposite 
directions while wire 9 is lifted up and causes 

5 single crystal 5 to grow. 

To this furnace main body 1, as shown in 
figure 17, the pulling machine microcomputers 213 
of the operation state observation system are re- 
spectively connected. To this pulling machine 

70 microcomputers 213, the sensor of the mechanism 
driving wire 9 of furnace main body 1, the sensor 
of the mechanism driving crucible 2, heater 7, the 
thermometer inside the crucible - not shown in the 
figure - , the barometer inside the crucible, the 

75 argon flux meter and all the other sensors for 
detecting conditions during the single crystal draw 
up are connected. Furthermore, the mechanism 
automatically detecting the starting times of all pull 
treating processes run in furnace main body 1 are 

20 connected to this pulling machine microcomputer 
213. The data sent to this microcomputer 213 are 
1 stored temporarily in this microcomputer 213. The 
microcomputer 213 is connected to minicomputer 
215 via communication circuit 214. The data stored 

25 in microcomputer 213 are sent to minicomputer 
215 via communication circuit 214. Minicomputer 
215 is connected via aforementioned communica- 
tion circuit 214 with printer 216, which outputs draw 
up error messages, and with terminal 217 display- 

30 ing the received data. Minicomputer 215 is con- 
nected to optomagnetic disk 218 storing the re- 
ceived data. 

Now the first preferred embodiment for the 
silicon growth method of the present invention per- 

35 formed by this apparatus is explained in accor- 
dance with the flowchart in figure 19. In the ex- 
planation following hereafter, S n stands for n-th 
step in the flow-chart. 

In this single crystal draw up process, the 

40 manufacturing of the single crystal is started, the 
survey data of the draw up conditions are shown in 
group A hereafter and were measured in a constant 
time interval by all sensors provided in furnace 
main body 1, and the starting time data of all 

45 processes during the pulling which are shown in 
group B hereafter, are sent to microcomputer 213. 
Furthermore, also such data as silicon charge 
amount inside the crucible at the beginning of the 
silicon melt process, the leak rate of the gas inside 

so the crucible, the position of the crucible at the 
beginning of the shouldering process (position in 
the draw up direction) are sent to microcomputer 
213 (S.1). 

55 Group A 

seed lifting speed 
crucible lifting speed 
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seed revolution number 
crucible revolution number - 
heater temperature 
inner pressure of furnace 
Argon gas flux 

Group B 

vacuum process 
dissolution process 
seed process 
shouldering process 
cylindration process 
bottom process 
cooling process 

process of carrying out manual operations on 
the lifting and lowering of the seed and the crucible 

process of. carrying out manual operations on 
the revolution of seed and crucible 

Aforementioned data are temporarily stored in 
every microcomputer 213 (S2). On the other hand, 
from minicomputer 215 a signal demanding data in 
a 10 min. interval is sent to each microcomputer 
213 (S3), and accordingly from every microcom- 
puter 213 aforementioned data are sent to 
minicomputer 215 (S4). These data are stored on 
optomagnetic disk 218 (S5). 

Tolerance change ratio of all the parameters on 
the screen, shown as an example in figure 20, are 
input to minicomputer 215. At the time when it is 
decided whether or not all parts of the manufac- 
tured single crystals are suitable for shipping, 
aforementioned stored data are compared with 
these tolerance ranges and then it is decided 
whether or not they fall within the tolerance range 
(S6). If they do not fall within the tolerance range, 
these parts are declared unsuitable for shipping; if 
they fall within the tolerance range, these parts are 
declared suitable for shipping. 

On the other hand, it becomes possible to 
display graphically the data taken in for every 
obtained single crystal as shown in figure 21. The 
graphic example shows the relation between the 
seed lifting speed and the single crystal draw up 
length whereby the lines 220 and 221 indicate the 
upper and lower limit for the tolerance range of the 
seed lifting speed. The seed lifting speed is dis- 
played whereby the data for a straight cylindrical 
part of the single crystal were processed for inter- 
vals of 10 mm. In other words, for every 10 mm 
drawn up part, maximum value, minimum value, 
average value, median and standard deviation of 
the seed lifting speed at the draw up is known and 
can be displayed. In this graph, D,E,F show those 
parts for which maximum values and minimum 
values fall out of the tolerance range. Such areas 
where the seed lifting speed falls out of the toler- 
ance range can also be confirmed by an output of 



printer 216 as shown in figure 25. 

According to this operation condition observa- 
tion system, such things as starting time of each 
process during the single crystal draw up can be 

5 displayed and confirmed on terminal 217 as in- 
dicated in figure 22. 

Since according to the single crystal growth 
method, the operation conditions during the single 
crystal manufacturing can automatically be detect- 

io ed, entry leaks and entry misses by the operator 
may be eliminated, and by computer processing 
the comparison between survey data and standard 
set values, it is possible to simultaneously get hold 
of those parts of the single crystal not meeting the 

75 standards, due to abnormal process conditions 
which did not remain in hitherto recordings once 
the draw up process was terminated. 

If the pulling speed (seed lifting speed) showed 
abnormalities as shown in, for example, figure 23 

20 (a), the formation of OSF occurrence regions 224 in 
the single crystal, as indicated in figure 23 (b) can 
be detected. When the ratio of seed revolution 
number (SR) and crucible rotation number (CR) 
show abnormal values, it can be seen that the 

25 inplane distribution ratio of the oxygen density (- 
(center part oxygen density - surrounding part oxy- 
gen density)/central part oxygen density; 
hereinafter called ORG) in this part, as indicated in 
figure 24, falls outside the tolerance range. 

30 Then, the parts not meeting the conditions of 

the slicing process which follows the pulling pro- 
cess, are immediately excluded and in the follow- 
ing process unsuitable parts may be prevented 
from being delivered. According to the single cry- 

35 stal growth method of this preferred embodiment, it 
is possible to precisely get hold of the crystal lot 
not meeting the manufacturing terms of the cus- 
tomer and portions which are not suitable, also 
reliability and stability of quality can be improved. 

40 

Claims 

1. A single crystal growth method wherein 

a multiplicity of data effecting crystal 
45 growth are checked and comparied with preset 

values and tolerance limits while performing 
crystal growing, 

in a silicon crystal growing method in 
which a silicon crystal is grown up from molten 
so silicon liquid in accordance with the Czochral- 

ski method. 

2. A single crystal growth method wherein 

a signal is caused to fall on a molten liquid 
55 surface of single crystal raw material which 

was put in a crucible, 

a position of the molten liquid surface is 
measured by detecting a reflected signal com- 
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ing from said molten liquid surface, 

the crucible is lifted according to a dif- 
ference from a set value. 

3. A single crystal growth method according to 5 
claim 1 whereby said signal consists of laser- 
light. 

4. A single crystal growth method according to 
claim 2 whereby laserlight is caused to fall on 10 
the molten liquid surface, 

the position of the molten liquid surface is 
measured by detecting reflected light coming 
from the molten liquid surface, 

and the position of the liquid surface is 75 
controlled whereby 

the crucible is lifted at a constant speed if 
the position of the molten liquid surface is 
equal to the set value, 

the crucible lifting speed is set to be said 20 
constant speed diminished by a fixed ratio if 
the position of the molten liquid surface is 
higher than the set value, 

the crucible lifting speed is set to said' 
constant speed increased by a fixed ratio if the 25 
position of the molten liquid surface is lower 
than the set value. 

5. A single crystal growth method whereby, 

when a temperature of the liquid surface of 30 
the single crystal raw material is controlled, 

the liquid surface temperature is measured 
by taking an energy ratio of two waves having 
different wavelengths in the infrared and said 
two waves are emitted by the molten liquid 35 
surface, 

and the liquid surface temperature is con- 
trolled whereby 

a heater power is regulated according to 
the difference to set temperature value. 40 

6. A single crystal growth method according to 
claim 4 whereby 

a right value of a control parameter related 
to a control of the liquid surface control, is 45 
determined beforehand by simulation and a 
value of said parameter is used to control the 
liquid surface temperature. 

7. A single crystal growth method whereby in the 50 
silicon single crystal growth method 

a silicon single crystal is caused to grow 
from a silicon molten liquid which was put into 
a crucible according to the Czochralski meth- 
od, 55 

data related to pulling conditions are de- 
tected and stored during a draw up process, 

starting time of each process during the 

16 
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pulling process is detected and stored, 

said surveyed and stored data are com- 
pared in a comparison process with a toler- 
ance range of these data stored beforehand, 

by outputting the data falling outside the 
tolerance range as draw up mismatch informa- 
tion, it becomes possible to detect after draw 
up termination parts in the single crystal not 
complying with the pulling conditions, 
and all pulled data are stored. 

8. A single crystal growth method according to 
claim 6 whereby aforementioned data related 
to the pulling conditions consist of data of 
conditions listed hereafter in group A, the sili- 
con charge amount inside the crucible at the 
silicon melting process starting time, a leak 
rate of gas in the furnace, the position in 
pulling direction of the crucible at the shoulder 
process starting time of the single crystal, ev- 
ery process during said draw up process con- 
sists of processes listed in group B stated 
hereafter. 
Group A 

seed lifting speed 
crucible lifting speed 
seed revolution number 
crucible revolution number 
heater temperature 
inner pressure of furnace 
argon gas flux 
Group B 
vacuum process 
dissolution process 
seed process 
shouldering process 
cylindration process 
bottom process 
cooling process 

process of carrying out manual operations 
on the lifting and lowering of the seed and the 
crucible 

process of carrying out manual operations 
on the revolution of seed and crucible 
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V □ OBSERVATIONS WHERE CERTAIN CLAIMS WERE FOUND UNSEARCHABLE ' 



This international search report has not been established »n respect of certain claims under Article 17(2) (a) for ehe following reasons: 
1 Q Claim numbers . because thpy relate to subiect matter not required to be searched by this Authority, namely: 



2.( | Claim numbers . because thev relate to parts of the international application that do not comply with the prescribed 

requirements to such an extent that no meaningful international search can be earned out. specifically: 



3, | j Claim numbers . because they are dependent claims and are not drafted m accordance with the second and third 

sentences of PCT Rule 6.4(a). 



VI □ OBSERVATIONS WHERE UNITY Of INVENTION IS LACKING ' 



This International Searching Authority found multiple inventions in this international application as follows: 



1 CD As a " r *duired additional search fees were timely paid by the applicant, this international search report covers alt searchable 
claims of the international application. 

2.rT As only some of the required additional search fees were timely paid by the applicant, this international search report covers only 
those claims of the international application for which fees were paid, specifically claims: 



3 0 No '©Quired additional search fees were timely paid by the applicant. Consequently, this international search report is restricted to 
the invention first mentioned m the claims: it is covered by claim numbers: 

4,| | As all searchable claims could be searched without effort justifying an additional fee. the International Searching Authority did not 
invite payment of any additional fee. 

Remark on Protest 

[~~| The additional search fees were accompanied by applicant's protest. 

[ [ No protest accompanied the payment of additional search fees. 
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